This study investigates the impact of pressure overload on vascular changes after myocardial infarction (MI) in rats. To evaluate the effect of pressure overload, MI was induced in three groups: 1) left coronary artery ligation for 1 mo (MI-1m), 2) ischemia 30 min/reperfusion for 1 mo (I/R-1m), and 3) ischemia-reperfusion (I/R) was performed after pressure overload induced by aortic banding for 2 mo; 1 mo post-I/R, aortic constriction was released (AbϩI/RϩDeAb). Heart function was assessed by echocardiography and in vivo hemodynamics. Resin casting and three-dimensional imaging with microcomputed tomography were used to characterize changes in coronary vasculature. TTC (triphenyltetrazohum chloride) staining and Masson's Trichrome were conducted in parallel experiments. In normal rats, MI induced by I/R and permanent occlusion was transmural or subendocardial. Occluded arterial branches vanished in MI-1m rats. A short residual tail was retained, distal to the occluded site in the ischemic area in I/R-1m hearts. Vascular pathological changes in transmural MI mostly occurred in ischemic areas and remote vasculature remained normal. In pressure overloaded rats, I/R injury induced a sub-MI in which ischemia was transmural, but myocardium in the involved area had survived. The ischemic arterial branches were preserved even though the capillaries were significantly diminished and the pathological changes were extended to remote areas, characterized by fibrosis, atrial thrombus, and pulmonary edema in the AbϩI/RϩDeAb group. Pressure overload could increase vascular tolerance to I/R injury, but also trigger severe global ventricular fibrosis and results in atrial thrombus and pulmonary edema. myocardial infarction; congestive heart failure; left coronary artery; fibrosis; hypertension CARDIAC ISCHEMIA USUALLY CAN result from arterial atherosclerosis, which is characterized by neointimal formation and vessel narrowing. Atherosclerosis is mainly associated with chronic high blood pressure, in addition to metabolic disorders and genetic defects (22). Experimental atherosclerosis can be induced from inside (endothelial injury) and outside (cuff placement) in common carotid and femoral arteries (25, 39) . In most animal models, coronary arterial ischemia is induced by temporal or permanent mechanical occlusion (9, 32). The degree of ischemia and injury area depends directly on arterial branch (level) and occlusion length (2, 24, 36). Occlusion of blood supply more than 30 min results in myocardial infarction (MI) distal from the ligation site in small animals. The onset of irreversible injury begins 20 to 30 min after occlusion. Later, restoration of blood supply could minimize the damage, but the extent of injury is often increased in acute studies (6). Multiple factors contribute to reperfusion injury including free radicals (19), leukocytes and inflammatory mediators (17), platelet activation, pro-apoptotic signaling cascade (18), endothelium damage, and vasoconstriction (33).
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Many patients with ischemic heart disease have also a history of hypertension, increasing the risk of MI (13, 30) . However, reduced diastolic blood pressure has also been associated with an increased incidence of MI. This might be due to reduced myocardial perfusion, which could increase thrombogenic tendency (15) . However, the impact of left ventricular (LV) pressure on ischemia-reperfusion (I/R), especially on ischemic arterial branches and capillary, is unclear.
The myocardium is composed of three integrated components: myocytes, extracellular matrix, and capillary microcirculation that serves the contractile unit assembly. Heart failure is not simply a decrease of contractility but also a multiple organ dysfunction (28) . After MI, remote area undergoes remodeling: ventricular dilation, hypertrophy, and collagen scar formation (35) .
Myocyte hypertrophy, fibrosis, ventricular compliance, and coronary patency play distinct roles in different postinfarction phases (5, 7, 31, 34) . MI in human patients is much more complicated than those in small animals because most MI patients have a long history of hypertension and atherosclerosis (1, 16, 29) , although it is unclear how hypertension affects ischemic remodeling.
The objective of the present study is to investigate the impact of pressure overload on vascular pathological changes in transmural and sub-MI in congestive heart failure in rats. The ischemic vasculature was casted and characterized with digital imaging and microcomputed tomography to study the vascular tolerance to I/R injury and coronary vascular mechanisms associated with fibrosis, ventricular stiffness, and atrial and pulmonary pathology. Animal protocol. MI was induced in all three groups studied: 1) left coronary artery ligation (LCA) ligation 1 mo (MI-1m); 2) ischemia 30 min/reperfusion 1 mo (I/R-1m) using male Sprague-Dawley rats of 350ϳ400 g. Subendocardial infarction was induced by loose ligation of LCA 30 min and reperfusion 24 h or 1 mo as special control; and 3) pressure overloaded MI was induced by aortic banding 2 mo plus I/R 1 mo followed by aortic debanding (AbϩI/RϩDeAb) as previously described (9) . Briefly, aortic banding (Ab) was performed in male Sprague-Dawley rats (180 -200 g) by constricting the ascending aorta with a 4-0 suture against a polyethylene-50 tube through the right thoracotomy at the second intercostal space. Two months after Ab, rats underwent an LCA ligation for 30 min followed by reperfusion to induce I/R injury. One mo after I/R, the rats underwent a third thoracotomy at the upright side of the sternum. The roots of 2ϳ4 ribs were cut along the right side of sternum to expose aorta. The aortic banding suture was cut with microdissecting scissors and separated with microdissecting forceps. For all surgical procedures, anesthesia was induced by intraperitoneal administration of pentobarbital (60 mg/kg). Animals underwent intratracheal intubation and mechanical ventilation (9) .
METHODS

All
Echocardiography. The animals were sedated by intraperitoneal injection of ketamine (40 mg/kg). Echocardiograms were performed as previously described (8, 9) . LV ejection fraction and fractional shortening were obtained in M-mode.
Coronary artery resin casting. Hearts were cast at the time of euthanization using Batson's No. 17 Plastic Replica and Corrosion Kit (cat. No. 07349; Polysciences). The manufacturer's protocol was followed (2, 24) . Briefly, under ketamine anesthesia (90 mg/kg ip), the chest was opened, the right atrium was cut open, and red latex (30 ml) was infused into the LV after blood was flushed out with 60 ml of PBS (pH 7.4; RT) containing heparin (0.2 ml, 1.000 USP units/ml) with a 14-gauge catheter. Thirty minutes later, the heart and lungs were removed and washed in PBS. Thereafter, the heart was corroded in a 50-ml tube with 10 ml of Maceration Solution (No. 07359) at 50°C for 2 to 3 h and then room temperature for 24 to 48 h. After digestion, the cast was carefully washed in water and photographed. LCA diameter, length, and branch patterns were measured and recorded. LCA length loss was defined as loss segment (from dead end to apex)/[loss segment ϩ residual LCA segment (from aortic root to dead end)} ϫ 100.
Three-dimensional imaging of casted coronary artery. CT images were obtained using a dual-head micro-SPECT/CT (Triumph SPECT/ CT; Gamma Medica-Ideas, Northridge, CA) with an X-ray tube operating at 80 kVp and 0.6 mA, capturing 1,024 views in 360 degrees rotation at 3.5 zoom and with a pixel size of 70 m. Images were reconstructed to obtain three-dimensional data sets. LCA diameter, length, and branch patterns were measured and recorded again.
TTC stain. To distinguish sub-MI and subendocardial infarction, TTC (triphenyltetrazohum chloride) stain was conducted on acute I/R injury (I/R-24 h) hearts as previously described (8) .
In vivo hemodynamics. Left ventricular pressure and ejection fraction were acquired and analyzed as previously described (9) .
Histology. Hearts were harvested after the final hemodynamic measurements. The hearts were perfused with 30 ml of cold PBS with 0.1 ml of 1% heparin. The LV was cut from the root of the pulmonary artery to the ventricular apex and photographed. The samples were embedded in optimum cutting temperature and stored at Ϫ80°C. Masson's Trichrome was performed as previous described (10) . Paraffined samples were used for immunohistochemistry of CD31 (ABCAM, ab28364, dilution 1:100). The staining procedures and confocal imaging have been described in detail elsewhere (11) . Statistics. Variables are expressed as means Ϯ SE. One-way ANOVA followed by Tukey's Multiple Comparison Test was performed to compare experimental groups. Correlation data was analyzed by regression, using GraphPad Prism software. P values Ͻ0.05 were considered statistically significant.
RESULTS
Patterns of LCA.
We used digital photo and three-dimensional CT imaging to characterize the left coronary arteries. Our data showed that every rat had a different and distinct coronary anatomy. Four patterns of LCA were identified and classified (Fig. 1) . The MI size mainly depends on the length and size of injured branch, but not on the patterns (data not showed). Variation in MI size is inevitable due to the anatomic disparity. Only 24% of LCA are visible in vivo in rats (n ϭ 46).
Changes of vasculature in ischemic and remote myocardium. The fate of an artery after occlusion depends on the ischemic length, ligated pressure, and reperfusion pressure. Ischemic segments disappeared, leaving a sharp end at the sutured site after permanent ligation. However, after reperfusion a short residual tail was retained, distal to the occluded site in I/Rinjured LCA. High reperfusion pressure could significantly increase the tolerance of artery to ischemic, preserving the ischemic LCA branches, although capillary density was significantly decreased in pressure overloaded rats (aortic banding 2 mo plus I/R 1 mo followed by aortic debanding 1 mo, or AbϩI/ RϩDeAb; Fig. 2 ).
Vascular responses were mostly limited within an ischemic region in MI-1m and I/R-1m animals, whereas remote areas remained mostly unaltered. In AbϩI/RϩDeAb hearts, increased fibrosis in remote area was also observed (Fig. 3) . Fibrotic-like component in remote myocardium of AbϩI/ RϩDeAb hearts had a cotton wool appearance, equally distributed from endocardium to epicardium and from vein to arteries, and it could not be digested by NaOH (Fig. 4) . Micro CT three-dimensional images showed a better view of these global pathological changes (Supplement videos S1-S4).
Cardiac dysfunction versus LCA ischemic injured length and remote area. Aortic reperfusion pressure was significantly increased after aortic constriction as demonstrated in Fig. 5A . Echocardiography data showed cardiac dysfunction in MI-1m, I/R-1m, and AbϩI/RϩDeAb rats ( Table 1 , and Fig. 5B ). LV function (fractional shortening) inversely correlated with LCA injured length (loss length/LCA length in MI-1m and I/R-1m, ischemic length/LCA length in AbϩI/RϩDeAb; Fig. 5C ). Cast LCA weight-to-body weight ratio showed that global fibrosis was significantly increased in AbϩI/RϩDeAb group (Fig. 5D) .
Cardiac histological changes. We observed three types of myocardial infarction post-LCA ischemia with or without reperfusion: transmural MI, sub-MI, and subendocardial infarction. Transmural MI was observed in both I/R-1m and MI-1m groups. In transmural MI, LV wall became thinner as it could clearly be shown by echocardiogram; myocytes were lost and were mostly replaced by scar tissue (fibrin and connective adipose tissue). Furthermore, scattered isolated myocyte islands could also be seen, but it was apparent that this structural component on LV wall could not contract to form a force (Fig. 6, A-D) . Sub-MI was observed in AbϩI/ RϩDeAb rats. In sub-MI, massive ischemic myocardium was preserved. MI could not be definitely diagnosed easily by echocardiogram. However, bright field images showed severe fibrosis in the ischemic myocardium. The apex was also thin, but there was some muscular sheet that seemed being able to contract (Fig. 6, E-H) . Immunohistochemistry and fluorescent imaging data (Fig. 7, A-C) showed that small vessels in the infarcted area in MI-1m heart could probably be small veins, instead of small arteries or capillaries. Subendocardial infarction is not a common model in small animals. It could be induced by loosely ligation of LCA in rats. Ischemic necrosis in transmural MI involves the whole ventricular wall in I/R24h heart (Fig. 7D) . In contrast, subendocardial infarction was nontransmural and constituted an ischemic necrotic area, limited to one third or one half of the inner ventricular wall (Fig.  7, E and F) . Nevertheless, fibrosis was not evident in nonischemic areas in subendocardial infarct heart (Fig. 7G) .
Evidence of congestive heart failure in the animal models. Figure 8A shows MI and atrial thrombus in a heart after AbϩI/RϩDeAb. Figure 8 , B and C, showed thrombus in the opened atrium and fibrosis in atrial section. Figure 8 , D and E, shows pulmonary edema: bronchiolar and alveolar wall thickness was increased; exudation, fibrin, and cellular infiltration were significantly increased in lung compared with control (Fig. 8F) . Ventricular interstitial fibrosis, neointimal formation, and arterial narrowing in remote myocardium were also observed in the AbϩI/RϩDeAb animals. Multiple organs were affected beyond the regional anatomical changes of coronary artery in the development of heart failure (Fig. 8, G and H) .
Comprehensive comparison of three types of MI. Our data (Table 2) showed that the cardiovascular injury after arterial occlusion depends on several processes including the ischemic length, interruption degree, size of the involved vessels, and reperfusion pressure. Pressure overload hearts (AbϩI/RϩDeAb) had higher resistance to I/R injury, but more damage was observed in remote areas and in other organs.
DISCUSSION
In the present study, we explored the impact of pressure overload on vascular pathological changes in transmural and sub-MI. We described vascular characteristics of transmural MI and sub-MI in different models of heart failure. Our data showed that LCA arterial branches were lost in transmural MI after silk suture ligation (Ն30 min) in normal LV pressure rats. However, ischemic arterial branches were preserved, whereas capillaries diminished post-I/R injury in pressure overload rats (AbϩI/RϩDeAb). High reperfusion pressure was able to increase tolerance of LCA to ischemia. Nevertheless, pressure overload also prompted cardiac adaptation, which resulted in severe fibrosis in the remote vasculature, leading to heart failure. The AbϩI/RϩDeAb rats had not only low cardiac function but also atrial thrombus and pulmonary edema.
MI could be classified as transmural and nontransmural, which was traditionally labeled as subendocardial (27) . Whether MI is transmural or subendocardial depends on the severity and length of the ischemia (26) . The gravity of ischemic damage also depends on the size of the vessels involved and LV pressure (7, 21) . Sub-MI was induced by I/R injury in pressure-overloaded rats. The morphological characteristics of sub-MI were that the ischemic area was transmural, but the majority of involved myocytes had survived; fibrosis was significantly increased in both ischemic area and remote myocardium (9) . The leading cause of sub-MI was that the involved arterial branches were preserved in the transmural ischemia even when capillary density was significantly decreased.
The loss of myocytes and decrease in contractility is a dominant mechanism in the pathogenesis of congestive heart failure (23). The role of vasculature changes in CHF has not been fully investigated, especially in three-dimensional studies. There have been many studies inducing angiogenesis with gene or stem cell therapies to rescue the function of the ischemic heart (3, 14, 37) . One of the obstacles to judge the efficacy of stem cells therapy on angiogenesis is the uncertain vessel characteristics in the infarct or border myocardium. Histolog- ical assessment of angiogenesis with CD31 or CD34 immunostaining could not specifically identify capillary, small artery, and vein based on diaminobenzidine and fluorescent imaging (4, 14, 20) . According to current cast data, small vessels in infarcted area could probably be small veins (Fig. 7) , which are usually running on the surface of the heart. Nevertheless, it is unknown the reason why most survived small vessels are located in the middle of the infarcted ventricular wall (Figs. 6  and 7) .
It has been very difficult to get consistent MI size in a rat model by LCA ligation due to the inherent variability in anatomic structure (31) , even though the LAC ligature position could be determined by anterior cardiac vein and adjusted by multiple loosely preocclusion in some cases. The dead end branch in transmural MI made this model almost irreversible. Scar tissue in the infarcted area had very limited approaches to regain nutrition or blood supply. But it appears that therapies that aim to rescue ischemic/infarcted myocardium rely on the preservation or regeneration of a functional vasculature (12) . It is unknown in which condition the damaged vessel could be regenerated and whether there are any difference in angiogenesis of arteries and capillaries between transmural MI and sub-MI.
Ischemia 30 min and reperfusion usually leads to MI, but the MI size is smaller than that resulting from permanent LCA occlusion (9) . Our current data showed that most arterial branches were lost post-I/R, leaving a residual short tail distal to the ligated site. In our study, the length of residual vessel tail depended on pressure from outside and inside the vessel wall: on the one hand, if the aortic pressure was low (induced by bleeding), a dead end vessel could be seen in I/R-1m rat (1/9); on the other hand, if the occlusion on LCA was not firm enough, a residual vessel tail was left in MI-1m heart (1 of 12). I/R also could induce transmural MI if ischemic time was longer than 45 min even in pressure overload rats (data not shown). Not every AbϩI/RϩDeAb heart automatically resulted in sub-MI; some of them (1 of 8) had transmural MI probably due to lower LV reperfusion pressure caused by surgical bleeding. Atrial thrombus, pulmonary edema, and neointima in coronary artery were not observed in I/R and permanent LCA ligation rats in the present study. It has been known that inflammation and oxidative stress could induce extra injury after reperfusion in accurate ischemic experiment (6), but no significant pathologic changes were observed in remote myocardium in chronic I/R-1m group in current study. Cardiac function was significantly decreased in AbϩI/RϩDeAb rats, even though the arterial branches were preserved. The defined mechanism is unknown. Inflammatory cytokines, both in circulation and in failing heart, neurohormonal activation, and innate immune system activation secondary to cardiac stress, might contribute to the development and progression of CHF by promoting myocardial fibrosis, matrix metalloproteinase activation, provoking apoptosis, and contractile dysfunction (38) .
The chemical properties of fiber-like structures in AbϩI/ RϩDeAb hearts are unclear. Collagen fibers in infarcted area were digested, but the fiber-like components in remote area could not be digested by sodium hydroxide. In pressureoverload hearts, fibrosis largely occurred in internal and middle myocardial layers, but very little in the epicardium (9) . However, in the present data, the increased fiber-like component was almost universally distributed across the LV wall in AbϩI/RϩDeAb hearts (Figs. 3 and 4) . More histochemical works need to be done to identify the chemical properties of the fiber-like structure in remote area in AbϩI/RϩDeAb rats because this compound might play an important role in the development of congestive heart failure.
In summary, occlusion of LCA (Ն30 min) induces transmural MI or subendocardial infarction in normal rats. The pathological changes in transmural MI are mostly local. Cardiac dysfunction is associated with the size of regional injury. Pressure overload (mimicking hypertension) could increase vascular tolerance to I/R injury but also trigger severe cardiac global fibrosis, atrial thrombus, and pulmonary edema. Macroperspective of cardiovascular pathophysiology in the present study, from coronary microvessels to pulmonary circulation, probably offers a better view of congestive heart failure in consideration of angiogenesis for MI therapies. 
